Abstract. In order to determine the level of hypoxemia which is sufficient to impair maximal performance, seven well-trained male cyclists [maximum oxygen consumption (1202 .... )___51"min -1 or 60ml.kg-~-min -1] performed a 5-min performance cycle test to exhaustion at maximal intensity as controlled by the subject, under three experimental conditions: normoxemia [percentage of arterial oxyhemoglobin saturation (% SaO2) > 94%], and artificially induced mild (% S, O2 = 90 -+ 1%) and moderate (% S~O2 = 87 -+ 1%) hypoxemia. Performance, evaluated as the total work output (Worktot) performed in the 5-min cycle test, progressively decreased with decreasing % S,O2 [mean (SE) Worktot=107.40 (4.5) kJ, 104.07 (5.6) kJ, and 102.52 (4.7) kJ, under normoxemia, mild, and moderate hypoxemia, respectively]. However, only performance in the moderate hypoxemia condition was significantly different than in normoxemia (P = 0.02). Mean oxygen consumption and heart rate were similar in the three conditions (P=0.18 and P=0.95, respectively). End-tidal partial pressure of CO2 was significantly lower (P=0.005) during moderate hypoxemia compared with normoxemia, and ventilatory equivalent of CO2 was significantly higher (P = 0.005) in both hypoxemic conditions when compared with normoxemia. It is concluded that maximal performance capacity is significantly impaired in highly trained cyclists working under an % Sa02 level of 87% but not under a milder desaturation level of 90%.
Introduction
Traditionally, the pulmonary system has been dismissed as a potential limiting factor to maximal oxygen uptake (1202m~,) and exercise performance in healthy individuals at sea level since the partial pressure of oxygen in arterial blood (PaO2) and the percentage of arterial oxyhemoglobin saturation (%SAO2) remain near resting values during light, moderate, and shortterm heavy exercise (Asmussen and Nielsen 1960; Hesser and Matell 1965) . Several recent studies (Dempsey et al. 1984; Hopkins and McKenzie 1989; Powers et al. 1988 Powers et al. , 1989a Williams et al. 1986 ), however, in agreement with some earlier reports (Harrop 1919; Holmgren and Linderholm 1958; Rowell et al. 1964) , have demonstrated that a substantial reduction in PaO2 and % SaO 2 can occur during intense exercise [--90% 1202max or oxygen consumption (1202) > 3.5 1-min-1] at sea level, in aerobically trained athletes who are capable of achieving extremely high metabolic rates (Dempsey et al. 1990; Powers et al. 1988) . Most of the % SaO2 values reported in these studies fall in the range of 87-93%.
An approximate reduction of 4% from the % SaO2 control values has been observed to elicit a significant detrimental effect on 1202max (Horvath et al. 1975; Squires and Buskirk 1982) . Powers et al. (1989a) have also suggested that an exercise-induced reduction in SaO2 to 92-93% is sufficient to cause a measurable effect on 1202max. However, numerous studies [for review see Snell and Mitchell (1984) ] have shown that 1202max is not a good predictor of exercise performance and the level of exercise-induced hypoxemia at which maximal performance is significantly impaired has not yet been explored. Thus, although we are aware of the fact that desaturation occurs in approximately 50% of elite athletes during heavy work (Powers et al. 1988 ), we do not know whether this has an effect on their performance. Therefore, the present study was conducted to explore the level of arterial desaturation at which maximal performance capacity is significantly impaired in highly trained athletes exercis-ing at sea level. Different levels of arterial hypoxemia were induced and their effects on maximal performance were quantified.
Methods
Subjects. Experiments were conducted on seven healthy, nonsmoking, competitive male cyclists, selected from volunteers ranging in age from 19 to 32 years. Two criteria were set for participation in the study: (1) VO2max_>51"min -1 or 60 ml.kg-1, min-1 and (2) the subjects did not develop arterial desaturation during heavy exercise at sea level (% SaO2_>94). All subjects were well-trained, experienced and motivated athletes, able to sustain high intensity exercise. All the procedures were thoroughly explained to the subjects and written consent was obtained. The experiment was reviewed and approved by the Clinical Screening Committee for experiments involving human subjects.
Exercise testing. Physical characteristics, maximal aerobic capacity, and % SaO2 during heavy exercise were measured for each subject 1-2 weeks prior to the experimental trials. 1202m~ was determined using an incremental test to exhaustion on an electronically braked cycle ergometer (Mijnhardt, KEM-3). The starting work load was 0 W and it was increased in ramp fashion by 30 W-min -1 until volitional fatigue. In this test, and in all experimental trials, the subjects inspired through a 13.5-1 mixing chamber using a low-resistance valve (Hans Rudolph 2700). Ventilatory parameters, oxygen, and carbon dioxide concentrations were measured continuously with an automated metabolic system (Medical Graphics Metabolic Cart, 2001 ) and averaged at 15-s intervals. The pneumotachograph of the system was calibrated with a 3-1 capacity syringe and the gas analyzers were calibrated with air and gases of known concentration prior to each experiment. Heart rate (fo) was continuously monitored using direct chest lead electrocardiography (Lifepak 6, Physio-Control). Attainment of VO2m~ was considered when at least three of the four following criteria were met: (1) identification of a plateau in oxygen uptake with an increasing workrate, (2) a respiratory exchange ratio > 1.15, (3) fo > 90% of predicted maximum, and (4) volitional fatigue.
SaO2 was continuously monitored via an ear oximeter (Hewlett Packard, 47201A). The skin of the helix of the ear was rubbed with a vasodilator nicotine cream (Finalgon, Boehringer Ingelheim) , in order to improve perfusion to the ear before the oximeter earpiece was secured in position with a headband. This oximeter measures light absorption from eight, rather than two wavelengths, and gives readings that are very closely correlated (r = 0.90) with SaO2 values measured simultaneously from arterial blood, over a wide range of oxygenation (Cymerman et al. 1989) . It has been estimated that blood SaO2 values above 75% are underestimated by less than 2% by this oximeter (Smyth et al. 1986 ). The ear oximeter was calibrated against internal standards before each experiment. % SaO2 values were recorded each second and then averaged.
Experimental trials. The subjects were required to abstain from exhaustive physical exercise for 24 h before each experiment and from food and caffeine intake for at least 3 h prior to reporting to the laboratory. Each subject was asked to complete a 5-rain performance cycle test to exhaustion under three separate experimental conditions: (1) normoxemia, where the subjects were breathing normoxic air (21% 02, 79% N2); (2) mild hypoxemia, where a hypoxemic level of 90+ 1% SaO2 was induced; and (3) moderate hypoxemia, where 87+1% SaO2 was induced. These trials were separated by at least a 2-day interval and conducted at approximately the same time of day. The trials were administered in a counterbalanced order, unknown to the subjects, so that any sequencing effect would be prevented.
The identical equipment used in the determination of 1202max was used in these performance tests. Minute ventilation (V~), tidal volume (Vt), respiratory frequency fiR), 1202, CO2 production (12CO2), end-tidal partial pressure of CO2 (PETCO2) and 02 (PzTO2), and fo were recorded. The different levels of hypoxemia were induced artificially by adding small amounts of 100% N2 into the mixing chamber according to the oximeter reading.
The performance cycle test started with a 5-min warm:up at a power output (W) equivalent to 50% of the subject's VO2 .... previously determined from the linear relationship obtained between VO2 and W in the 1202max test. A 2-rain resting period followed. Thereafter the subject was asked to increase the W to a value equivalent to 90% of his VO2max and once this was reached, the 5-min performance cycle began. The goal of this performance test was to simulate a 5-min maximal cycling pursuit. The subject was able to control W manually via a variable output supply according to the degree of perceived fatigue while remaining ignorant of the numerical magnitude of each adjustment. This protocol allowed the subject to adjust the work performed, such that he was able to finish the test in a state of complete exhaustion, having performed the highest possible amount of work within the 5-min period. The subject was informed of the elapsed time every 30 s but no verbal encouragement was provided. Instantaneous W and total work output (Worktot) were recorded every second during the 5-min performance cycle test.
In order to ensure appropriate execution of the cycling protocol, each subject was given two or three practice trials on different days prior to the experimental conditions. Subjects were free to follow different strategies to produce the highest W scores during the practice trials as well as in the experimental trials. The reliability of this performance test has been previously confirmed in this laboratory with a high test-retest intraclass correlation coefficient (r = 0.958). For the particular sample used in this study the corresponding test-retest intraclass correlation coefficient was very high (r=0.997).
A one-way analysis of variance for repeated measures was used to statistically compare the differences in Worktot and % SaO2 among the three experimental conditions. Two-way (condition x time) analyses of variance for repeated .measures were used for the comparison of the differences in W, VO2, 12"E/12CO2, P~TCO2 and fo among the conditions. Post hoc comparisons were conducted with the Tukey's test. Test-retest reliability of the 5-min performance cycle test was determined using intraclass correlation. The level of significance in all comparisons was set at P<0.05.
Results
Individual and mean values of the physical characteristics of the seven subjects, l?O2m~x, baseline SaO2 measured during the VO2max test, and gpeak achieved during the VO2m~ test are shown in Table 1. Table 2 contains selected physiological parameters obtained during the performance cycle test during the three experimental conditions. Figure 1 depicts the mean % SaO 2 during the performance cycle test under the normoxemic, mild, and moderate hypoxemic conditions. It is worth noting that the pattern of the induced decline in % SaO2 achieved in the two hypoxemic conditions simulates that of athletes who naturally desaturate during a high-intensity A large decline in mean W response for all experimental conditions occurred during the first 3 min of the cycle performance test (Fig. 2) . The mean W response increased during the last 2 min of the cycle performance test in normoxemia and moderate hypoxemia conditions, whereas an increase in mean W occurred during 
Induction of hypoxemia

Cardiac frequency
Mean fo was similar among the three experimental conditions (p=0.95) and the time course of its changes over the 5-min period of the performance cycle test followed an identical, almost linear, pattern during the three tests (Fig. 3, top) . The high mean fc values reached at the last minute of the performance cycle test (186.4, 183.7, and 185.0 beats-min -1 under normoxemia, mild and moderate hypoxemia, respectively) indicate that the subjects worked to maximum in each trial.
only the last minute of the performance test while subjects were mildly hypoxemic. Averaged over the 5-min period, W was statistically different only between normoxemia and moderate hypoxemia (P = 0.02).
Ventilatory parameters
V~ reached high levels at the end of the performance cycle test with the highest values attained during the moderately hypoxemic condition. Vt was similar among the three experimental conditions, whereas fr reached the highest values during moderate hypoxemia and the patte.rn of its changes over time was similar to that of VE. VO2 was not significantly different among conditions (P=0.18) and showed similar changes over time in all three tests (Fig. 3, bottom) . Pza-CO2 progressively decreased with diminishing levels of % SaO2 (Fig. 4, top) ; statistical analysis revealed a significant condition effect on PETCO2 (P ---0.005) which was accounted for by the significantly different PETCO2 values between normoxemia and moderate hypoxemia. The VE/12CO2 value was significantly higher (P = 0.005) in the moderate hypoxemic condition compared with normoxemia (Fig. 4, bottom) .
Discussion
The effect of arterial hypoxemia on work capacity has, to date, been investigated by measuring the change in 1202m~, resulting from lowered levels of arterial saturation. However, numerous studies [for review see Snell and Mitchell (1984) ] have shown that 1202max is not a good predictor of exercise performance, since aerobic capacity is related to both VO2max and factors related to fatigue. The present study investigated the effect of arterial hypoxemia on maximal performance capacity so that the results could be readily applied to an athletic population; therefore, performance in the current study is defined as the Worktot performed in a 5-min cycle test to exhaustion at maximal intensity controlled by the subject, in an attempt to simulate a 5-min cycling pursuit. The results of this study suggest that an artificially induced reduction in S~O2 to a level of 87% is associated with a statistically significant adverse effect on performance of highly trained athletes. The mild hypoxemia condition elicited a detrimental effect on performance, but this effect was not sufficient to reach statistical significance. There was, however, a clear linear trend between decreasing levels of S, O2 and diminished work and, in terms of athletic performance, statistical significance holds little importance.
The non-significant difference in performance between normoxemia (mean % S~O2 =95.93%) and mild (mean %SAO2=90.02%) hypoxemia found in this study suggests that a greater than 6% decrement in % SaO2 is needed before maximal performance capacity is significantly impaired. Kaijser (1970) , who evaluated performance as time to exhaustion, found that a greater than 3% decrease in S~O; occurred before performance time was influenced. Differences in protocols between the two studies may explain the discrepancy in the aforementioned results. Moreover, several studies (Horvath et al. 1975; Powers et al. 1989a; Squires and Buskirk 1982) have tried to define the reduction in % S~O~ which impairs 1202m~x significantly, but, given the differences between 1202ma,, and maximal performance capacity, the results of these studies cannot be compared with the present study's findings.
The differences in performance among the three experimental conditions seem to have occurred as a result of changes at the end of the performance test. Although the subjects were free to follow different strategies among the trials, the pattern of the changes in the mean power output response (Fig. 2) is similar during the first 3 min of the performance cycle test, showing a decline from the starting level. W in the final minute of exercise exceeded the initial value during normoxemia, whereas it was less profound during mild hypoxemia and even less during moderate hypoxemia.
Worktot during moderate hypoxemia was significantly lower compared to that achieved during the normoxemic condition. Moderate hypoxemia resulted in a significantly higher VE/12CO2 ratio compared to normoxemia and mild hypoxemia, suggesting an enhanced respiratory compensation for an increased metabolic acidosis in this condition (Adams and Welch 1980; Wasserman et al. 1987) . Further, since a progressive reduction in 1202ma~ with increased hypoxia has been reported (Kollias and Buskirk 1974) , the similar VO2 values attained in all conditions suggest that the relative exercise intensity (i.e., % VO2ma~) was slightly higher during mild hypoxemia and even higher during moderate hypoxemia when compared with normoxemia. Therefore, although we did not measure arterial pH or lactate, there appears to be good reason to believe that there is increasing metabolic acidosis in the hypoxemic conditions. This is supported by the data of Dempsey et al. (1984) , who have reported a mild metabolic acidosis, relative to normoxic exercise, in a group of highly trained subjects during a 4-min exercise task at 85-90% 1202ma~ while breathing a hypoxic gas (FiO2 = 17.5%) of similar magnitude to that used to induce the moderate hypoxemia in this study (FiO2 = 16.8%). The accumulation of lactate or hydrogen ions has been postulated as a significant factor affecting performance, evaluated as time to exhaustion in an exercise task at 90% 1202max (Adams and Welch 1980) , or at a work intensity sustainable for approximately 6 min (Kaijser 1970) under hypoxia (FiO2 = 15-17%) . In addition, the higher VE/12CO2 during moderate hypoxemia may also indicate a lower level of bicarbonate and blood buffering capacity, as indicated by the low PETCO2-Furthermore, low values of PETCO2, as seen during this condition, are known to cause a reduction in cerebral blood flow (Dempsey et al. 1975) ; the resulting neurobehavioural impairment (Hornbein et al. 1989 ) may have contributed to a diminished voluntary effort for maximum performance.
Surprisingly, but not uniquely (Adams and Welch 1980; Hogan et al. 1983) , the reduced level of % SaO2 exhibited in the moderate hypoxemia condition did not result in a significant change in VO2 in comparison to the normoxemic condition. Maximal cardiac output is not different in acute hypoxia and normoxia (Stenberg et al. 1966 ). fc was not affected by hypoxemia in this study, which is in accordance with many studies in the literature reporting that maximal fc is not affected by mild levels of hypoxia (Hughes et al. 1968; Squires and Buskirk 1982) . The detrimental effect of the reduced arterial oxygen content caused by hypoxemia on oxygen delivery and 1202 might have been compensated for by an enhanced extraction of oxygen by the muscle, since circulating epinephrine is greatly increased when hypoxia is added to exercise (Escourrou et al. 1984) , thus leading both to excess metabolic acidosis and elevated levels of 2,3 diphosphoglycerate (Klocke 1972) . Kaijser (1970) showed that during maximal exercise under hypoxic conditions, a more complete tissue extraction of oxygen from the arterial blood can fully compensate for a 3% decrease in arterial oxygen content and partly for a 10% decrease. It can also be explained by enhanced muscular blood flow in moderate hypoxemia resulting from a reduction in cutaneous (Durand and Martineaud 1971) and visceral (Tucker and Horvath 1974) blood flow due to hypocapnia observed in this condition, as well as from a local decrease of oxygen tension and pH (Haddy and Scott 1975; Stanbrook 1978) which might have occurred in the present study. Indeed, Hogan and Welch (1986) have reported that, in isolated animal tissue, blood flow to active muscles increases in mild hypoxia, so that oxygen delivery remains relatively constant.
Work.tot was marginally impaired by mild hypoxemia and VO2 remained unchanged in comparison with the normoxemia condition, probably due to the previously described mechanisms. The higher VE/12C02 and lower P~TCO2 values observed during mild hypoxemia compared with normoxemia suggest occurrence of metabolic acidosis in this condition as well, which is further supported by the higher relative exercise intensity (as discussed above) attained during mild hypoxemia when compared with exercise at normoxemia.
In conclusion, this study has demonstrated a linear relationship between S~O2 (range 87-95%) and maximal exercise performance on a cycle ergometer in welltrained competitive athletes. There is a statistically significant reduction in the performance capacity of highly trained cyclists working under an SaO2 level of 87%. It is speculated that the reduction in maximal performance capacity may be related to a worsening of the metabolic acidosis elicited by the hypoxemia since 1202 remained unaltered during the hypoxemic trials.
